The worldwide demand for transport fuels will increase significantly but will still be met substantially (a share of around 90%) from petroleum-based fuels. This increase in demand will be significantly skewed towards commercial vehicles and hence towards diesel and jet fuels, leading to a probable surplus of lighter low-octane fuels. Current diesel engines are efficient but expensive and complicated because they try to reduce the nitrogen oxide and soot emissions simultaneously while using conventional diesel fuels which ignite very easily. Gasoline compression ignition engines can be run on gasoline-like fuels with a long ignition delay to make low-nitrogen-oxide low-soot combustion very much easier. Moreover, the research octane number of the optimum fuel for gasoline compression ignition engines is likely to be around 70 and hence the surplus low-octane components could be used without much further processing. Also, the final boiling point can be higher than those of current gasolines. The potential advantages of gasoline compression ignition engines are as follows. First, the engine is at least as efficient and clean as current diesel engines but is less complicated and hence could be cheaper (lower injection pressure and after-treatment focus on control of carbon monoxide and hydrocarbon emissions rather than on soot and nitrogen oxide emissions). Second, the optimum fuel requires less processing and hence would be easier to make in comparison with current gasoline or diesel fuel and will have a lower greenhouse-gas footprint. Third, it provides a path to mitigate the global demand imbalance between heavier fuels and lighter fuels that is otherwise projected and improve the sustainability of refineries. The concept has been well demonstrated in research engines but development work is needed to make it feasible on practical vehicles, e.g. on cold start, adequate control of exhaust carbon monoxide and hydrocarbons and control of noise at medium to high loads. Initially, gasoline compression ignition engines technology has to work with current market fuels but, in the longer term, new and simpler fuels need to be supplied to make the transport sector more sustainable.
Introduction
Transport is an integral part of modern society and accounts for around 20% of all the energy used and around 23% of global carbon dioxide emissions. 1 However, if other greenhouse gases (GHGs) such as methane are taken into account, the contribution of transport to global GHG emissions, at 14% of the total, is comparable with the share of livestock farming for meat and dairy products. 1, 2 At the end of 2014, the world had around 910 million passenger cars, defined as 3 'motor vehicles with at least four wheels, used for the transport of passengers, and consisting of no more than eight seats in addition to the driver's seat' and almost completely powered by internal-combustion (IC) engines while air transport is dominated by jet engines. Globally, around 80% of all passenger cars run on spark ignition (SI) engines 4 although, in Europe, compression ignition (CI) engines in the form of diesel engines have a large share of the passenger car market. The commercial sector (road and marine) is dominated by diesel engines.
There are many reasons for change in the transport sector including increasing demand because of increasing population and increasing prosperity, concerns about local and global emissions, energy security and consumer demands and preferences. The importance of each of these is different in different countries at different times. The outlook for transport energy, the drivers for changes in transport technology, alternatives to conventional engines and fuels 9, 10 and the implications for combustion science of these developments 11 have been discussed in previous reviews.
However, these alternatives start from a very small base and are not expected to increase sufficiently rapidly to take much more than 10% share of transport energy by 2040. [5] [6] [7] Hence little impact can be made on the transport sector without improving the efficiency, the emissions and the affordability of IC engines. A proven approach to improve the efficiency of SI engines is by electric hybridization which allows the engine to run in its more efficient operating regimes and also to recover the energy lost in braking. However, there is less scope for this technology to be used in heavy-duty vehicles in the foreseeable future because of the limitations on the battery size and the cost. Moreover, the benefits of hybridization are realisable essentially in the stop-start driving modes common to passenger cars. Hybrid electric vehicles (HEVs) are expected to become widespread and to reduce the fuel consumption significantly in the passenger car sector. 5 There is also significant research aimed at improving the inherent efficiency of IC engines, but this effort is almost entirely focused on using market fuels. Such developments have an impact on future fuel quality. For instance higher efficiency in SI engines is facilitated by higher-octane gasoline. Thus, current technology trends have a significant impact on the future demand structure and the manufacture of fuels and provide additional challenges to the sustainability of the transport sector. However, there is great scope for increased benefits in the efficiency, emissions and affordability by developing engines and fuels together.
In this paper, we focus on one such possibility: gasoline compression ignition (GCI) engines. Currently, all practical CI engines are diesel engines using conventional diesel fuel which autoignites very easily, leading to high levels of engine-out soot and nitrogen oxides (NO x ) which are of increasing concern. The technologies needed to control soot and NO x emissions make the diesel engine expensive. In the GCI concept, gasoline-like fuels in the gasoline autoignition quality range are used instead of diesel fuel in diesel engines.
The long ignition delay (ID) of the fuel allows more time for mixing before combustion starts and enables much easier control of soot and NO x emissions, potentially making the engine less complicated and less expensive while keeping the high efficiency inherent to CI engines. Moreover, the fuel used could have a low octane number and require less processing than today's fuels; hence it will be easier to make and will help the sustainability of refineries. Development of such technology will also help to mitigate imbalances in the structure of the future fuel demand, as discussed below. Another approach that is being considered for SI engines is 'octane on demand', 10 where high-octane fuel is supplied to the engine only when needed. This requires two fuel systems and the development of appropriate control systems but allows the optimum use of the octane quality of the fuel.
In this paper, current engines and fuels and current projections on fuel demand and supply are discussed in brief. Then, GCI technology, the fuel requirements of GCI and the advantages, challenges and outlook for GCI technology are considered.
IC engine fuels and combustion systems
Details of the engine combustion processes and fuels have been covered in several books. [12] [13] [14] [15] [16] 
IC engine fuels
The liquid fuels used for transport are primarily made by refining petroleum. Once the temperature is increased above the ambient temperature, dissolved gases in the crude oil are released and make up liquid petroleum gas (LPG). They consist primarily of propane, with some butane, and can be up to 2% of the crude oil. The light fraction in the gasoline boiling range (from about 20°C to about 200°C) is known as straight-run gasoline (SRG). The components in the diesel boiling range (from about 160°C to about 380°C) are known as middle distillates. Depending on the source, between 40% and 60% of the weight of petroleum can be made up of components with boiling points higher than 380°C, and these components have to be 'cracked' into smaller molecules. All these components are further processed in the refinery, e.g. to change their octane number or cetane number (CN) or to reduce sulfur in order to produce useful products. The generic term naphtha is used for products from different parts in the refinery in the gasoline boiling range which need to be processed further to make gasoline. In addition, components from sources other than petroleum such as biofuels and other oxygenates such as methyl tertiary butyl ether (MTBE) are also used to make transport fuels. These different components are blended together with some fuel additives to make gasoline, diesel and jet fuel to meet the required fuel specifications. Further details on the manufacture, properties and specifications of fuels can be found in the books by Kalghatgi 12 and Richards. 13 The gasolines used in SI engines have to avoid knock, which is an abnormal combustion phenomenon that limits the efficiency of SI engines. The anti-knock quality of gasoline is traditionally measured by the research octane number (RON) and the motor octane number (MON). 17 Most market gasolines have RON greater than 90. In contrast, diesel fuels autoignite easily, and this quality is measured by the CN. The derived cetane number (DCN), which is derived from the ignition delay measured in an ignition quality tester (IQT), is more commonly used now to assess the ignition quality of diesel fuels; 17 the higher the DCN, the easier it is for the fuel to autoignite. There is an inverse relationship between RON and DCN. 12, 18 Practical diesel fuels have DCN greater than 40. Diesel fuel is made up of components which have a higher boiling point (and hence are less volatile and are of higher density) than the components of gasoline, but the main difference between the two is in their autoignition properties. Jet fuel is made up of lighter components in the diesel boiling range but its CN is lower than that of conventional diesel. Marine transport runs on the heaviest fuels which currently have a high sulfur content. There are moves to reduce the sulfur content of marine fuels which may require marine engines to switch to conventional diesel fuel.
For the purposes of this paper, gasoline-like fuels are those in the gasoline autoignition range with RON greater than 60 (DCN less than 30). 18 
Engine combustion processes
There are three major combustion processes in IC engines:
(a) spark ignition (SI) where the fuel and air are premixed and compressed and where heat release occurs by flame propagation initiated by an electric spark; (b) compression ignition (CI) where the fuel is injected into the hot high-pressure environment near the top of the compression stroke and where heat release occurs as the fuel mixes with oxygen and autoignites; (c) homogeneous charge compression ignition (HCCI) where the fuel and air are fully premixed and compressed and where heat release occurs by autoignition of the bulk charge.
These three processes can be expressed as the corner points in a triangle, as shown in Figure 1 . There are many other IC engine combustion processes which are combinations of these three, as discussed by Johansson, 16 and GCI is one of these combinations. The efficiency of SI engines is limited by knock associated with autoignition in the 'end gas' ahead of the expanding flame front. For any given fuel, the maximum pressure and the maximum temperature that can be reached in the end gas are limited by knock. The engines used in commercial transport have to be larger and heavier than those used in passenger cars; therefore, they have to run at lower speeds, and knock is more of a problem because of the longer time available for autoignition. Hence SI engines are not usually used in commercial transport. The efficiency of SI engines at low loads is particularly poor because of increased pumping losses since they have to run at a fixed air-to-fuel ratio and use a throttle to reduce the amount of air breathed in. Pumping losses are also higher in SI engines than in CI engines because they compress a mixture of fuel and air rather than just air before heat release. [14] [15] [16] However, SI engines can use three-way catalysts to control the tailpipe emissions effectively.
Currently, all CI engines are diesel engines using diesel fuel. Diesel engines are much more efficient than SI engines are because they do not suffer from the constraints discussed in the previous paragraph. However, they suffer from high soot (particulate) and NO x emissions, which are of increasing public concern. Modern diesel engines are more expensive than SI engines because of the technology such as high-pressure injection and complex after-treatment systems needed to control soot and NO x emissions. GCI engines are CI engines which use gasoline-like fuels.
HCCI efficiency is very high, but the maximum load that HCCI engines can achieve is limited because of excessive pressure rise rates. The upper load limit of HCCI engines can be increased with more mixture or temperature stratification (see, for example, the papers by Aroonsrisopon et al. 19 and Hwang et al.
20
) but then the mixture is not 'homogeneous', and this type of combustion system should not be termed HCCI. At low loads, where HCCI engines have heat release rates sufficiently low to enable them to run, the soot and NO x levels can be exceptionally low. Also, HCCI combustion is difficult to control in practical engines because there is no in-cycle control of the combustion phasing unlike in SI engines and diesel engines where control is provided by the timing of the spark and the final fuel injection respectively. Hence it is unlikely that HCCI engines where the fuel and air are fully premixed can be developed for practical applications. GCI is HCCI-like combustion that aims for conditions where the fuel and air are sufficiently premixed to obtain low soot and NO x emissions but in-cycle control can be achieved by the timing of the final injection pulse.
The evolution of new technology such as GCI is also influenced by strategic issues affecting the supply and demand of transport energy, which are briefly considered in the next section.
Strategic issues affecting the transport energy
Currently, around 95% of transport energy is obtained from liquid fuels made from petroleum, and transport fuels account for around 60% of all oil consumption. [4] [5] [6] [7] [8] Liquid fuels have become the fuels of choice for transport because of their high energy density and ease of transport, storage and distribution. As a result, a vast global infrastructure for these fuels has been established over the past century which would be very expensive to replace or replicate. There are many initiatives across the world to develop alternative fuels and power systems, such as all-electric vehicles which do not depend on liquid hydrocarbons, for transport.
The demand for transport fuels is very high, as illustrated in Table 1 , which shows the average global daily demand for petroleum products for the latter part of 2015. 21 The last column in that table shows the energy equivalent in exajoules (10 18 J). On the assumptions that the average energy densities for gasoline, diesel and jet fuel are 32 MJ/l, 36 MJ/l and 35 MJ/l respectively, from these values, the daily global demand is around 4.8 billion litres for gasoline as well as diesel and around 1.2 billion litres for jet fuel. The global demand for transport energy is expected to grow by 30-40% in the next 25 years, [5] [6] [7] almost entirely because of growth in non-OECD (Organization for Economic Cooperation and Development) countries such as the People's Republic of China and India.
However, the growth in demand is expected to be heavily skewed towards commercial transport, and the demand for diesel and jet fuel (middle distillates) is expected to rise much more than the demand for gasoline. 5, 6 This is because there is very much more scope to reduce the fuel consumption in the passenger car sector, 5, 6 which primarily uses gasoline. The average car in the future will be weighted towards the People's Republic of China and India rather than towards North America as it is today; hence it will be smaller and lighter, will travel less distance and hence will use less fuel than now. 5 Moreover, there is little or no scope for electrification of the commercial transport sector. In the passenger car sector, HEV technology is expected to become very widespread and, as battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) spread, gasoline consumption will decrease. Hence, even though the number of passenger cars is expected to increase to 1.6 billion to 1.9 billion by 2040, 4, 6 the total amount of gasoline used will not be very different from that today. 5, 6 On the other hand, the demand for middle distillates will increase by 60-70% in comparison with that today. 5, 6 It is possible that marine engines are forced to use diesel rather than heavy fuel oil because of sulfur regulations, adding to the diesel demand.
As more oil is refined to meet the increasing demand for diesel and jet fuel, the availability of low-octane components such as naphtha will increase proportionately. These components are normally further processed to increase their octane number and are blended into gasoline. However, gasoline demand will not increase at the same rate, if at all. Moreover, the octane number of this shrinking gasoline pool may need to be higher than that today to enable more efficient SI engines. 22 This will also reduce the scope for lowoctane components to be blended into gasoline. Hence there will be an increased availability of such components which can be called 'homeless' hydrocarbons because they cannot be used to make gasoline, which is their normal 'home'. These components will be of low value and will depress refinery margins. If alternative powertrains such as BEVs and PHEVs grow more quickly than anticipated, gasoline demand will be further depressed and the availability of 'homeless hydrocarbons' will increase. Refinery operations will become much more sustainable if such components can be used in transport fuels and not sold at low prices. 23, 24 As discussed below, GCI engines can beneficially use such low-octane gasoline components and help the refining industry to meet future challenges.
Gasoline compression ignition (GCI): principles and mechanisms GCI can be achieved with any combustion mode from fully homogeneous combustion such as HCCI to totally diffusion-controlled conventional CI combustion. This is not unique for gasoline; the same is true for diesel or even alcohols such as ethanol and methanol. All fuels can be burned in the HCCI mode provided that the engine conditions are appropriate, with the inlet temperature, the pressure and the compression ratio chosen to obtain autoignition occurring close to top dead centre (TDC). For a fuel, such as diesel or n-heptane, with a DCN of 54 and hence low resistance to autoignition, a low inlet temperature, close to ambient (30°C), in combination with a compression ratio of around 10:1 is needed. The low compression ratio limits the chance to attain a high engine efficiency, and the low inlet temperature means that the fuel must be injected late in the cycle to obtain a sufficiently high temperature for fuel vaporization and atomization. Hence diesel fuel is inherently a poor choice for HCCI combustion. There have been tests with a low effective compression ratio using late or early inlet valve timing, but this leads to poor volumetric efficiency and low mean effective pressure. When using a high-octane fuel in the gasoline autoignition range, in HCCI the required compression ratio is around 18-20:1, and this is much better for fuel efficiency; furthermore, these fuels are also normally more volatile and hence are much less amenable to early injection. In fact, they can often use port fuel injection without encountering problems with poor atomization and vaporization.
With HCCI the fuel and air should be fully premixed (homogeneous) before combustion. The other extreme is a combustion mode with no mixing of the fuel and air before combustion. This is in practice not possible but a diesel engine operating at high load is quite close to this. At high load the ignition delay, from when fuel is first injected to combustion onset, is rather short. In some cases, it can be only a few crank angle (CA) degrees. In that case, a very small portion of the fuel is burned before a quasi-stationary diffusion flame is formed. As only a small percentage of the fuel autoignites, this heat release is insignificant and the entire combustion process is governed by diffusion combustion around the fuel spray.
In between the pure HCCI and CI processes is partially premixed combustion (PPC). This is a process that burns a stratified fuel cloud with a mixture of diffusion and premixed flames together with some bulk autoignition. How then can PPC be explained? One attempt to find an explanation may be to look at the governing processes for combustion or, more specifically, the way in which combustion can be controlled. What makes combustion move earlier or later in the cycle?
HCCI combustion has little response to when the fuel is injected but is very sensitive to the temperature conditions. If we assume that the compression ratio, the inlet pressure, the engine speed, etc., are constant and we change only the inlet temperature, we have an almost 1:1 relation between the inlet temperature and the combustion phasing, i.e. the crank angle at which 50% of the charge is burned (CA50). We obtain a change of 1°CA in CA50 with a change of 1°C in inlet temperature. This can be expressed as
with the negative sign indicating that a higher inlet temperature gives earlier combustion.
For conventional diesel combustion with CI, we have a different relation. The ignition delay is short and does not vary much with the combustion phasing.
Hence we obtain a change of 1°CA in the CA50 for every change of 1°CA in the timing of the start of injection (SOI), as in
As the ignition delay is short, there is no significant effect of a change in the inlet temperature. The sensitivity is not zero but rather low, as in according to
Therefore, we have two extreme cases where HCCI is totally controlled by the temperature and where CI with diesel fuel is totally controlled by injection timing. As PPC is a process in between HCCI combustion and CI combustion, CA50 will respond to both T in and the SOI depending on the fuel preparation strategy. With a single injection per cycle, the amount of mixing before combustion is directly related to the injection timing provided that adjustments are made to keep the combustion phasing constant. With injection very early in the cycle, before 60°CA before top dead centre (BTDC), the fuel has sufficient time to mix with air and the charge is sufficiently homogeneous, provided that the fuel has a high resistance to autoignition and hence does not ignite very soon after injection. With diesel injection close to TDC (perhaps 10°CA BTDC), there is almost no time to mix and the combustion occurs in a diffusion flame around the spray. In the latter case, the NO x level can be 1000 times higher than in the former case. With fuel injection between 60°CA BTDC and 10°CA BTDC, with high autoignition resistance of the fuel, we have an intermediate case.
Unfortunately, it is not so simple that the combustion phasing sensitivity to the inlet temperature varies smoothly from -1 to zero and the sensitivity to injection timing varies smoothly from 0 to 1. Because of complex interactions between the spray, the wall and the in-cylinder flow, a sensitivity of up to 3 and down to -4 can be obtained when the injection timing is altered as the process changes from injecting the fuel to a region above the piston to hitting the squish band and then directing the spray into the bowl 25 ( Figure 2 ). By adjusting the injection by only a few degrees, the fuel location and stratification can change greatly.
The discussion on PPC so far has been with only one fuel injection. It is well known that this is not the best way to achieve PPC. In many cases, a double injection or a triple injection gives a better result. With three injections, we can use the first injection to inject early to generate a homogeneous mixture, the second injection to form a predominantly lean stratified charge and the third injection to generate a rich cloud that ignites in the easiest manner. The injection can be used to tailor the fuel distribution, and this in turn gives an opportunity to moderate the heat release and hence the thermodynamic cycle. This is further discussed in the section on fuel efficiency of GCI.
How does the fuel affect PPC? Any fuel can be burned in any combustion mode all the way from HCCI combustion via PPC to CI combustion. We just have to make sure that the conditions are appropriate. This is also the problem because normally a practical engine is not sufficiently flexible to enable the correct conditions to be achieved at all speed and load conditions. If we tune the conditions for HCCI at a brake mean effective pressure (BMEP) of 2 bar and and an engine speed of 2000 r/min and then change to a BMEP of 20 bar, we need to reduce the temperature quite significantly. If, on the other hand, we wish to use 6000 r/min instead, we need to increase the temperature. How do we change the temperature? We can choose to vary the inlet temperature or the compression ratio or any other second-order parameter such as the residual gas content, the inlet valve closing or the wall temperature. Most practical engines are optimized to SI combustion or CI combustion. The former has a limited compression ratio and often a low peak pressure capability. The latter has a high (often too high) compression ratio for maximum thermal efficiency and a good high-pressure handling capability. The flexibility available is often variable valve timing and a fully flexible injection system. Thus, if we wish to perform pure HCCI experiments, we need to tune the octane number of the fuel so that it fits within the range of controllability given by the engine. In fact, a CI engine has a compression ratio that suits gasoline quite well. Hence, for very premixed combustion modes, the best fuel for a CI engine is gasoline. Indeed, the opposite is also true, for a SI engine configuration, the best fuel for lowtemperature autoignition combustion is diesel.
If we like the widest possible range for lowtemperature combustion, we should select an engine system that works both at high loads and at low loads. This is always a compromise; if we optimize for a low load, we find that a low-octane fuel is the best and, if we optimize for a high load, a very high octane number is best. A compromise is often found with an octane number of around 70. This is sufficiently low to obtain autoignition at idle or close to it and the transition from combustion with a long ignition delay to conventional diesel-like combustion at a relatively high load. If we can afford the luxury of having two fuels, we do not need flexibility of the engine; then we adjust the fuel to the engine and its condition. It has been shown that we can run pure HCCI at an engine speed of 600-2000 r/min and an indicated mean effective pressure (IMEP) of 0-20.4 bar in a heavy-duty truck engine by selecting the mixture of ethanol and n-heptane based on the engine demand. 26 In this paper, the term GCI is used for CI engines running with gasoline-like fuels in the gasoline autoignition range (with an RON greater than 60, a DCN less than 30) but not running in fully premixed HCCI mode. These fuels need not necessarily be in the gasoline volatility range. The combustion processes with GCI range from almost fully premixed (HCCI-like) combustion at low loads via PPC at midload towards conventional (diesel-like) mixing-controlled combustion at higher loads.
Particulate and NO x considerations
Diesel engines are efficient but their future is being threatened by concerns about particulate and NO x emissions. 27, 28 Diesel fuel ignites very easily and in most operating conditions burns in a quasi-steady jet diffusion flame 29 before it has a chance to mix sufficiently well with oxygen in the cylinder. Soot formation can be minimized by ensuring that the equivalence ratio u of the mixture packets where combustion occurs is not greater than around 2 or l is less than around 0.5, where l = 1/u is the normalized air-to-fuel ratio. NO x formation can be minimized if the combustion temperatures are kept below 29, 30 about 2200 K. In practical engines, NO x is controlled by using exhaust gas recirculation (EGR).
The engine-out soot reflects the balance between the formation and the in-cylinder oxidation of the soot that is formed. Both the temperature and the oxygen content in the cylinder decrease if the EGR level is increased in order to control the NO x level; oxidation of the soot decreases and the engine-out soot or particulate matter increases, leading to the well-known NO x -particulate matter trade-off in diesel engines. If soot formation is avoided in the first place by ensuring that the equivalence ratio everywhere in the cylinder at the time of combustion is below the soot-forming limit, EGR can be used to control the NO x emissions without increasing the engine-out soot. In general, if NO x emissions are controlled by low-temperature combustion, HC and CO emissions increase and have to be controlled by exhaust after-treatment.
Soot formation can be avoided only if the final injection of fuel (when there are multiple fuel injections) is completed sufficiently before combustion starts. PPC to avoid soot formation was defined by Kalghatgi et al. 31 to occur when combustion starts after the final fuel injection is over and the engine-out smoke is very low (a filter smoke number (FSN) of below 0.05). A relevant time constant is the mixing period or ignition dwell IDW = SOC -EOI where SOC represents the CA at the start of combustion and EOI represents the CA at the end of the final fuel injection. In PPC, the ignition dwell is positive.
One way of promoting PPC while using diesel fuel is to increase the injection pressure to reduce the injection pulse width and also to accelerate mixing. Even then, in conventional diesel engines, PPC is only possible at low loads, and the particulates and the NO x emissions have to be handled by sophisticated after-treatment systems. Since the global mixture is a lean mixture in diesel engines, the diesel exhaust always contains oxygen and it is particularly challenging to reduce the NO x level in this oxygen-rich environment. However, such challenges have been met by modern after-treatment systems which also use a diesel particulate filter (DPF). This technology makes the diesel engine expensive and also can increase fuel consumption. For instance the DPF accumulates soot when the exhaust temperature is low and the engine has to run using extra fuel simply to regenerate the DPF.
Low-cetane diesel fuel has been shown to reduce soot in diesel engines. For instance a fuel in the diesel boiling range but with a CN of 19 was used by Hashizume et al. 32 and Johansson 33 and showed benefits in emissions. However, as discussed in the section on IC engine fuels, this type of fuel is not a normal diesel fuel which usually has a CN greater than 40. Kalghatgi et al. 34, 35 demonstrated that a single-cylinder heavy-duty engine can be run on gasoline-like fuels with extremely low soot emissions and extremely low NO x emissions over a reasonable operating range. Several other groups have also shown that control of particulates and NO x in CI engines is much easier if gasoline-like fuels with a high resistance to autoignition are used. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Gasoline-like fuels are resistant to autoignition and hence allow more time for mixing before combustion starts, enabling PPC combustion. The mechanisms involved in GCI are illustrated below with the results in CI engines for a single injection of fuel per cycle although a practical GCI engine has to use multiple injections. Obviously, the figures shown are quantitatively different for different fuels, different engines and different operating conditions, but the fundamental principles are the same. Other relevant timescales in this discussion are the ignition delay ID = SOC -SOI and the combustion delay CD = CA50 -SOI where SOC represents the CA at the start of combustion, SOI represents the CA at the start of injection and CA50 is the crank angle when 50% of the total heat has been released. Figure 3 shows the average CA50 plotted against the SOI for a Swedish diesel fuel with a DCN of 56 and a 95 RON European gasoline in a single-cylinder 2 l engine with a compression ratio of 14 running at 1200 r/min, an intake temperature T i = 40°C, an intake pressure P i = 1.5 bar absolute and a fuelling rate of 0.6 g/s corresponding to an IMEP of around 5.6 bar. The injection pressure was 1100 bar for the gasoline and 1300 bar for the diesel fuel. The data are from Figure 3 in the paper by Kalghatgi et al., 34 where further details about the engine and fuels can be found. For the diesel fuel, the CA50 increases as the SOI increases, as expected, and combustion phasing can be controlled by injection timing. This is also the case for gasoline for an SOI between 25°CA BTDC and 15°C A BTDC and defines the GCI operating range for this condition.
GCI at low loads
To obtain the same CA50 in the GCI mode, gasoline has to be injected much earlier than the diesel fuel. If the SOI is advanced further than 30°CA BTDC for gasoline, the fuel and air are more premixed and the conditions approach HCCI conditions. Combustion starts to become unstable, and the average CA50 increases. In this particular condition, with SOI earlier than 40°CA BTDC, combustion failed for gasoline. Therefore, even though no combustion was possible with gasoline in the HCCI mode, i.e. when the fuel and air are fully premixed, a stable operating regime can be found for GCI. In this mode, with much later injection at much higher cylinder pressures and temperatures than with the HCCI mode, stable combustion is possible because there is sufficient inhomogeneity to ensure that ignition starts at some place. In GCI, the fuel and air are not fully premixed but they are more mixed than for a fuel with a short ignition delay such as diesel fuel.
At low loads and low speeds, the ignition dwell can be positive even with conventional diesel fuel since the amount of fuel that needs to be injected is small and the injection event can be short if the injection pressure used is sufficiently high, which was the case for Figure  3 . In these conditions, the engine-out soot levels can be low even with diesel fuel although they are even lower with gasoline-like fuels, i.e. with GCI. Mixture packets of different equivalence ratios can be assumed to be distributed inside the combustion chamber before combustion starts; the first packet of fuel that is injected has more time to mix and hence is leaner than the next packet from the injection pulse and so on. These mixture packets cover different ranges of equivalence ratio depending on the ignition delay. Figure 4 is a sketch of the variations in NO x , CO and HC with equivalence ratio at a given temperature for fully premixed fuel-air mixtures. In CI combustion the mixture packets ignite as they mix with oxygen and burn in a diffusion flame, and NO x formation is likely to change with the mixture strength, as indicated by the dashed curve in Figure 4 . 12, 47 At the same operating conditions, mixture packets before combustion starts are distributed across a wider range of rich equivalence ratios for diesel. Gasoline has a longer ignition delay, i.e. more time to mix, and the mixture packets are distributed in a narrower range centred around the global equivalence ratio, which is lean. Hence combustion occurs by autoignition in leaner mixture packets in GCI than in diesel at low loads.
Maximum heat release rate, maximum pressure rise rate and maximum noise. This leads to much higher peak heat release rates for fuels with a short ignition delay than for GCI at low loads. This is illustrated in Figure 5 for n-heptane compared with a gasoline (with RON of 84) in a single-cylinder engine with a compression ratio of 16, a displacement of 0.54 l running at 1200 r/min, an IMEP of 4 bar, T i = 60°C, P i = 1.1 bar absolute and an injection pressure of 650 bar. The data are taken from the paper by Kalghatgi et al. 48 The SOI for gasoline was 12°CA BTDC, compared with 0.7°CA after top dead centre (ATDC) for n-heptane; CA50 was 11°F igure 3. Average CA50 versus SOI timing for a diesel with a DCN of 56 and a gasoline with an RON of 95 (engine speed, 1200 r/min; fuel flow, 0.6 g/s; injection pressure, 1100 bar for gasoline, 1300 bar for diesel; P i = 1.5 bar absolute; T i = 40°C). The data are taken from the paper by Kalghatgi et al. 34 CA50: crank angle at which 50% of the charge is burned; CAD: degrees crank angle; SOI: start of injection; ATDC: after top dead centre. Figure 5 . Pressures and heat release rates for n-heptane and gasoline with an RON of 84. The data are taken from the paper by Kalghatgi et al. 48 The 0.54 l single-cylinder (compression ratio, 16) engine was running at 1200 r/min, T i = 60°C, P i = 1.1 bar absolute and an injection pressure of 650 bar. The SOI was 12°CA BTDC for gasoline, and 0.7°CA ATDC for n-heptane. 47 At low loads with a positive ignition dwell with diesel, mixture packets are distributed across a wider range of rich equivalence ratios than for gasoline. NO x : nitrogen oxides; HC: hydrocarbon; CO: carbon monoxide.
CA ATDC for both fuels. The maximum pressure rise rate (MPRR) and hence the noise are much lower for GCI than for conventional diesel at low loads because of lower peak heat release rates. [47] [48] [49] [50] In fact, a pilot injection during the compression stroke is used to mitigate noise at low loads in modern passenger car diesels. The pilot injection releases heat before TDC and reduces the ignition delay by increasing the temperature. The combustion from the main fuel injection that follows is shifted towards more mixing-controlled combustion with lower peak heat release rates than premixed combustion, reducing noise. However, this also reduces the efficiency by creating negative work during the compression stroke and increases soot formation. In contrast, for GCI the pressure rise rates can be lower with a lower brake specific fuel consumption and significantly less soot. This was demonstrated by Kalghatgi et al. 50 who compared a RON 84 gasoline with a European diesel fuel (DCN of 54) in a V6 diesel engine. NO x emissions, HC emissions and CO emissions. As expected from Figure 4 , with GCI, because combustion occurs in lean mixture conditions, the NO x levels are significantly (20-30 times) lower than with diesel fuel at the same CA50, and with other operating conditions remaining the same. 34, 35, [47] [48] [49] [50] For the same reason, the HC emissions and the CO emissions are significantly higher than those with diesel fuel. In fact, when the fuel has a long ignition delay as in GCI, the problem is overmixing, which makes the mixture too lean. This is particularly true when the global mixture strength is very lean as with low loads.
GCI: increasing loads
In a diesel engine, at fixed operating conditions with a fixed injection timing and a fixed pressure, the load is increased by increasing the injection pulse width to increase the amount of fuel injected. This causes the combustion regime to change from the premixed mode to the mixing-controlled mode because there is an increasing overlap of the injection event with combustion; the ignition dwell moves from positive values to increasingly negative values. As a result, the soot emissions increase and the peak heat release rate (and hence the MPRR) decreases as the load increases. This is illustrated in Figure 6 with the results taken from the paper by Kalghatgi et al. 35 where the reading from the AVL smoke meter and the average MPRR are plotted against the IMEP. The engine was the same as in Figure 3 and the operating conditions are shown in the figure caption. With the SOI fixed at TDC, IMEP was increased by increasing the fuel flow rate. Figure 7 shows the needle lift profile and the average heat release rate corresponding to the lowest IMEP and the highest IMEP in Figure 6 . As the load increases, the overlap between the injection event and the combustion event increases, and the peak heat release rate decreases but the smoke emissions increase.
Even with diesel fuel, starting from a high load point, the soot levels can be reduced by injecting the fuel after TDC as in the Nissan MK style combustion, 51, 52 causing the combustion to occur during the expansion stroke at lower pressures and lower temperatures. This increases the ignition delay and pushes combustion more towards the premixed mode. This is illustrated in Figure 8 (a), using the data from the paper by Kalghatgi et al. 35 where the mean IMEP, the CA50 and the smoke meter reading are plotted against the SOI for a fixed fuelling rate for the diesel fuel; all other operating conditions were as in Figures 6 and 7 . However, this reduces the efficiency and reduces IMEP. Figure 8(b) shows the corresponding NO x , CO and MPRR results. Figure 9 (a) and Figure 9 (b) show the same parameters for the same engine conditions as in Figure 8 (a) Figure 6 . Same engine and diesel fuel as in Figure 3 (P i = 2 bar absolute; T i = 40°C; EGR, 25%; SOI at TDC) with the load increased by increasing the fuelling rate. and Figure 8 (b) but for a 95 RON gasoline at the same fuelling rate of 1.2 g/s as the diesel fuel. First, to obtain the same CA50, the gasoline has to be injected much earlier (Figure 8 (a) versus Figure 9(a) ) than for the diesel case. The soot levels are near zero for the gasoline at all SOIs (Figure 9(a) ) so that there is no need to employ later injections and to reduce the efficiency in order to reduce the soot. Figure 10 shows the needle lift profiles and the average heat release rates for the three cases indicated in the figure caption. Figure 10 shows that, for the diesel fuel, as the SOI changes from -2°CA ATDC to 6°CA ATDC (as the IMEP decreases from 12.5 bar to 11.5 bar in Figure 8(a) ), combustion moves towards the premixed mode, the smoke level decreases (Figure 8(a) ) and both the MPRR and the CO level increase (Figure 8(b) ). For gasoline, with an IMEP of 12.9 bar (SOI of -12°CA in Figure 8 . (a) Mean IMEP, CA50 and smoke level versus SOI for diesel fuel. The smoke levels can be reduced for diesel fuel by later fuel injection. Data are taken from the paper by Kalghatgi et al. 35 The conditions are as in Figure 6 with the fuel flow rate fixed at 1.2 g/s. (b) Mean MPRR, CO and NO x results corresponding to (a). CA50: crank angle at which 50% of the charge is burned; CAD: degrees crank angle; IMEP: indicated mean effective pressure; SOI: start of injection; NOx: nitrogen oxides; CO: carbon monoxide; MPRR: maximum pressure rise rate. 35 The conditions are as in Figure 6 with the fuel flow rate fixed at 1. (Figure 9(a) ) and the MPRR is lower than for diesel with a low smoke level (Figure 8(b) versus Figure 9(b) ). Indeed, it is possible to reach a higher IMEP than 12.9 bar while keeping the smoke level low with gasoline by using an earlier SOI but this moves the CA50 nearer to TDC (Figure 9(a) ) and increases the MPRR (Figure 9(b) ).
In general, as the load is increased, with GCI, combustion remains in the PPC mode up to a limit determined by the resistance of the fuel to autoignition, the injection pressure, the injection strategy and other engine parameters which affect the ignition delay such as the inlet pressure and temperature, the engine speed and the EGR level. However, as the load increases, all else being equal, the mixture packets where combustion occurs become more fuel rich and this increases the maximum heat release rate and hence the noise. The NO x level also increases because of higher combustion temperatures. For a GCI engine to be practical, it has to satisfy the requirements of high efficiency, low emissions and acceptable pressure rise rates at all operating points. The engine parameters need to be appropriately controlled and after-treatment systems properly designed to meet these requirements. However, it is always easier to control soot and particulates in GCI than in conventional diesel operation, and this offers opportunities to simplify the diesel engine.
Injection pressure, injection strategy and injector design considerations
At low loads with GCI, there is significant advantage in having low injection pressures. This is illustrated in Figure 11 using data discussed by Hildingsson et al. 47 The engine was the same as that considered in Figure 5 and a gasoline with 84 RON is compared with a European diesel with a DCN of 52. In these experiments the engine was running at 2000 r/min, with P i = 2 bar absolute and T i = 40°C. In each experiment, starting with no EGR, the fuel flow was adjusted until an IMEP of 4 bar was reached with the CA50 fixed at 11°CA ATDC. Then, with this fuel flow rate and the CA50 fixed, the EGR rate was increased; the SOI is adjusted to keep the CA50 constant. Figure 11(a) shows the variation in the indicated NO x with the EGR level at different injection pressures for the two fuels; the NO x level decreases with increasing EGR level and the injection pressure has no effect. At low EGR levels, the NO x levels are higher for the gasoline, probably because the mixture packets are nearer the peak in Figure 4 in terms of the mixture strength and also because the peak heat release rates and the combustion temperatures are higher than for the diesel. In fact, the MPRR was indeed higher for the gasoline (see Figure 7 (e) in the paper by Hildingsson et al. 47 ). Figure  11 (b) shows the indicated CO plotted against the EGR; for the gasoline, the CO level is significantly reduced when the injection pressure is reduced from 900 bar to 400 bar. Reducing the pressure also reduces the indicated HC and the indicated specific fuel consumption for the gasoline (see Figure 7 (d) and (f) in the paper by Hildingsson et al. 47 ). Reducing the injection pressure increases the injection pulse width to maintain a constant fuelling rate and that increases the soot level for diesel fuel (Figure 11(c) ) as the ignition dwell decreases. Moreover, if any soot is formed, as the EGR increases, Figure 11 . (a) Effects of the EGR level and the injection pressure on ISNO x for two fuels at a low load and a lean global equivalence ratio (T i = 40°C; CA50 at 11°CA ATDC). Data are taken from the paper by Kalghatgi et al. 48 The engine is as in Figure 5 . in-cylinder oxidation of the soot decreases and the engine-out soot increases. In contrast, the soot levels are near zero in all conditions with gasoline. In general, the lower injection pressures appear to be better in GCI combustion, i.e. when the fuel has a long ignition delay. In the multiple-cylinder experiments by Sellnau et al., 39, 40 which demonstrated GCI over a wide operating range, the maximum injection pressure was limited to 500 bar.
The MPRR which affects engine noise is high at high engine loads for GCI because autoignition in richmixture packets increases maximum heat release rates. A double-injection strategy 35 or a triple-injection strategy 49 can greatly help to reduce the peak pressure rise rate at high loads while still meeting the requirements for low NO x emissions, low smoke emissions and an acceptable efficiency. In fact, most recent GCI studies use multiple-injection strategies [36] [37] [38] [39] [40] [41] [42] at medium loads and high loads. In comparison with diesel fuel, much larger amounts of gasoline-like fuel can be injected fairly early in the cycle without causing any heat release during the compression stroke and negative work because of high resistance of the fuel to autoignition. The final fuel injection nearer TDC then introduces the required inhomogeneity in the mixture and triggers the combustion. Multiple injection of a gasoline-like fuel enables better spatial stratification of the mixture in the cylinder to be obtained so that the heat release can be more spread out in time and reduce the peak heat release. This multiple-injection strategy needs to be optimized in terms of the number of injections and the timing and duration of each of these injections to meet the required emissions and efficiency targets at any speed-load point. The optimum strategy also depends on other operating parameters such as the EGR level, the injection pressure, the swirl ratio and the boost pressure which affect mixing of the fuel and the oxygen in the cylinder.
There is also scope for optimizing the injector design for GCI. Most early work in this area was carried out using diesel injectors with small hole sizes. However, given that GCI requires appropriate stratification to ensure combustion at low loads and to mitigate high heat release rates at high loads, it might indeed be better to have larger hole sizes. In fact, preliminary experiments by Won et al. 53, 54 demonstrated, in a single-cylinder engine, that the operating limits can be extended by larger-diameter injector nozzle holes and lower injection pressures. Since mixture preparation is so critical in GCI engines, other injector parameters such as the included angle 36 have to be optimized with the combustion bowl shape.
Fuel efficiency
Very high efficiencies have been reported with GCI engines. In heavy-duty GCI engines running at medium to full load, indicated fuel efficiencies of up to 57% have been measured. 36, 37, 41, 42 The very high fuel efficiency reported with GCI in heavy-duty engines arises from several sources.
The fuel is burned to a very high degree with GCI
and reasonably late injection timings. This means that the combustion efficiency can reach 99.8%, i.e. the same as or better than that in a conventional diesel engine. With early fuel injection, some fuel can find its way to the top land crevice and thus be trapped as unburned HC or partially oxidized to CO. Fuel injection well before 60°CA BTDC or the use of wide spray angles and injection around 45°CA BTDC results in fuel outside the piston bowl. Port fuel injection normally results in a combustion efficiency of 90-95%. 2. The high-efficiency operating points are achieved with a high dilution ratio, using air or exhaust gas. With l = 3 or l = 1.5 and 50% EGR there is a much lower temperature increase than can be obtained with a richer mixture. A low burned gas temperature reduces the heat losses to the walls. This can result in an increase in the gross indicated efficiency of up to 10% (Figure 12 ). 3. With a suitable injection strategy, it is possible to maintain a gap between the burning mixture and the wall. This can be considered an air gap to isolate the hot gases from the walls. Computational fluid dynamics models have shown this effect to be responsible for a fuel efficiency about 5% higher 56 ( Figure 13 ). 4. As PPC with gasoline enables high load to be achieved, with an IMEP of up to 26 bar demonstrated, the mechanical efficiency is high in comparison with that for HCCI. On the assumption that the friction mean effective pressure is 1.2 bar, the brake efficiency becomes 1 -1.2/26 = 0.954. If the same engine is constrained to operate at low loads, e.g. in HCCI mode, say, at an IMEP of 2.4 bar, a brake efficiency of only 1 -1.2/2.4 = 0.50 is obtained.
In smaller GCI engines, in comparison with running the engine on gasoline in the SI mode, the brake fuel consumption can be reduced by about 25% over an operating cycle when the engine is run in the CI mode on the same gasoline 39, 40 or even with fuel with a much lower octane number. 46, 57 In light-duty engines, which require emissions regulations to be met over a duty cycle, there can be further fuel efficiency gains with GCI because NO x and soot emissions can be reduced to required levels at higher loads at a given speed in comparison with diesel fuel so that the GCI engine can be downsized or downspeeded. Also in light-duty engines, use of a pilot injection at low loads to control the noise can be avoided when gasoline is used (see the section on maximum heat release rate, maximum pressure rise rate and maximum noise), leading to further improvements in efficiency. Thus, a GCI engine can be at least as efficient as a diesel engine while meeting the emissions and other targets at lower cost in comparison with running the same engine on conventional diesel fuel.
Fuel volatility and autoignition quality effects in GCI
There have been many studies on the effects of the fuel properties on GCI. [34] [35] [36] [37] 41, 42, [47] [48] [49] In this section, we discuss the effects of the volatility and the autoignition quality of fuels using data published in the papers by Kalghatgi et al. 31, 48, 58 Table 2 lists the properties of the fuels that are considered. Of these, the first seven are gasoline-like fuels for which RON and MON can be measured. These gasoline-like fuels include three model fuels (mixtures of iso-octane, n-heptane and toluene) and four fullboiling range gasolines made from refinery components. Fuel F1, which is a naphtha from a gas-to-liquid process, and n-heptane are in the gasoline boiling range but have high CNs; they are in the diesel autoignition range. Fuel D1, which is a European market diesel, and D4 are in the diesel boiling range. However, fuel D4 has a very low CN, i.e. high resistance to autoignition. D4 was made by adding a high-octane aromatic solvent to conventional diesel fuel and hence has an aromatics content of 75%; most of this aromatics content is made up of heavy aromatics including polyaromatics. Fuel D4 has also the highest density in Table 2 and, for both these reasons, D4 can be expected to be very prone to soot formation in diesel engines.
12,13 Figure 14 shows the distillation properties of six of these fuels which are also considered in Figure 15 . Of the remaining five fuels, PRF 84 and TRF 82 are almost identical with TRF 84 in volatility since they contain components boiling between 99°C and 111°C, and ULG 73, ULG 78, ULG 84 are very similar to ULG 91 in Figure 14 .
Emissions are the same if ignition delay is matched for a fixed CA50 in GCI combustion. In Figure 15(a) , the ignition delay, defined here as CA2 -SOI, where CA2 is the crank angle position when 2% of the total heat is released, is plotted against the EGR level. The operating conditions are shown in the figure caption, and the engine used is the same as in Figure 5 . For each fuel, the fuel flow rate was adjusted to obtain an IMEP of 10 bar without EGR and then, at the same fuelling rate, EGR was increased and the SOI adjusted until CA50 was 11°CA ATDC. From Figure 15 (a) it can be seen that the ignition delay increases with increasing EGR level. The change in the ignition delay with EGR is the same for the three fuels with high CNs, namely fuel D1, fuel F1 and n-heptane. The three fuels with longer ignition delays, namely fuels D4, TRF 84 and ULG 91, also match each other in Figure 15 (a). Figure 15(b) shows that the ignition dwell defined here as CA2 -EOI, where EOI is the end of injection, increases with increasing EGR level for a given fuel and, at all conditions, is negative (there is overlap between the injection event and combustion) for the three high-cetane fuels and is positive for the other three fuels. Figure  15 (f) show the engine-out soot, the indicated specific NO x , the indicated specific CO and the indicated specific HC respectively corresponding to Figure 15(a) . In Figure 15 (c), the three fuels with long ignition delays and positive ignition dwells show almost zero soot whereas, for the three low-cetane fuels, the soot levels increase as the EGR level increases. If any soot is formed at all, in-cylinder soot oxidation decreases and the engine-out soot increases as the EGR level increases as is the case when the ignition dwell is negative. It is worth noting that fuel D4, which has a long ignition delay, shows little soot although it is much heavier, very much less volatile than TRF 84 and the 91 RON gasoline and contains 75% heavy aromatics. On the other hand, fuel F1 and n-heptane are volatile but form soot because they have a short ignition delay and a negative ignition dwell. However, there is evidence that the soot level is higher for the diesel (fuel D1) than for fuel F1 and n-heptane which have no aromatics and are lighter. Thus, if soot formation is unavoidable because of a short ignition delay, the fuel composition and the fuel volatility do play roles. In contrast, if the ignition delay is sufficiently long, even fuels such as fuel D4 with a high density, a high aromatics content and low volatility can avoid soot formation because there is no overlap between the injection event and combustion. Figure 15 (d) and Figure 15 (e) show that the two sets of fuels, which match each other in Figure 15 (a) and Figure 15 (b), also match each other for both NO x behaviour and CO behaviour. Thus, NO x and CO appear to be determined by processes occurring in the bulk gas and seem to be determined by the ignition delay rather than by the fuel volatility or the composition in PPC. In Figure 15 (f), the HC levels, which are also likely to be affected by other processes in the quench and crevice layers, do not fully follow the trends for the NO x levels and the CO levels. Thus, fuel F1 and n-heptane, which are very much more volatile than the diesel fuel (fuel D1) show higher HC levels because they might form mixtures much more likely to be trapped unburned in crevices.
Therefore, in general, if two fuels are matched in GCI (i.e. long-ignition-delay regimes) for ignition delay and combustion phasing for a given CA50, irrespective of their compositions and their volatilities, they show the same levels of soot (very much lower than for diesel), NO x and CO and, to a large extent, HC (higher than for diesel). Of course, volatility still plays a role in determining the ignition delay because it affects the fuel spray characteristics and the mixing. In fact, there is some evidence that fuels with a very wide range of volatilities such as mixtures of diesel and gasoline extend the GCI operating range, 54 presumably by enabling more stratification of the fuel to occur. However, PPC and low-soot combustion can be realized even with less volatile and high-aromatics-content fuels (such as fuel D4) because they have long ignition delays.
Relationship of ignition delay to RON and MON. Since the ignition delay is so critical in determining GCI combustion and emissions, how is it related to RON and MON, which are commonly used to define the autoignition quality of practical gasolines?
In addition to the two gasoline-like fuels (TRF 84 and ULG 91) considered in Figure 15 , five other fuels listed in Table 2 for which RON and MON were measured, were tested in the same conditions. 31, 48, 58 The ignition delay ID = CA2 -SOI at 30% EGR for these seven fuels are plotted against RON and MON in Figure 16 (a) and Figure 16 (b) respectively; these values are taken from Table 5 in the paper by Kalghatgi et al. 31 It can be seen that there is some correlation between the ignition delay and the RON but no correlation between the ignition delay and the MON. Figure  16(c) shows the same data plotted against the octane index 18 OI = RON -KS, with K = -1.5, which gives the best fit. Here, S is the octane sensitivity efined as (RON-MON). It can be seen that the variation in the ignitions delay is best described by OI = RON + 1.5S. It has been shown 31, 58 that the ignition delay and the combustion delay CD = CA50 -SOI correlate very well with OIs in different operating conditions, although the values of K are different in different conditions but are always negative. Thus, if two fuels have the same OIs, they have the same ignition delays and the same combustion and emissions behaviours in GCI combustion.
This has important implications for choosing a surrogate fuel to describe the autoignition behaviour of a gasoline-like fuel in GCI combustion. These surrogates, which consist of a few model components from which chemical kinetic models can be constructed, are necessary to obtain models for GCI combustion. A mixture of toluene, iso-octane and n-heptane can be found to match any target RON and MON. 59 Such a surrogate fuel has the same OI as the gasoline of the same RON and MON, irrespective of the value of K, i.e. the operating conditions. In PPC mode with the final fuel injection completed before the start of combustion, the two fuels will also show comparable NO x emissions, soot emissions and CO emissions and, to a large extent, HC emissions.
The 'optimum' GCI fuel. The ignition delay and hence the octane requirements of the fuel for a GCI engine are different in different operating conditions. At low loads and high speeds, the fuel needs to have a lower octane number because, if the ignition delay is too high, combustion does not occur in the time available. At higher loads, if the octane number of the fuel is very low, the fuel starts to behave like diesel fuel, and PPC and control of the soot and NO x levels become difficult. One way of tackling the varying requirements of ignition delay is to use two fuels as in reactivity-controlled compression ignition (RCCI). 60 In RCCI a less reactive fuel such as commercially available gasoline is injected into the port, and ignition is triggered by the direct injection of a more reactive fuel such as commercially available diesel fuel near TDC. However, this requires two fuel systems and may not be practical for passenger car applications.
If a single fuel is used, there has to be a compromise between the different requirements of the engine. In the paper by Hildingsson et al., 47 it was suggested that the optimum fuel should have a RON between 75 and 85 based on tests done in a small single-cylinder engine with a compression ratio of 16. In the paper by Manente et al., 36 the optimum RON for GCI was suggested to be in the 'range of 70'. In general, less energy is required to manufacture a gasoline with a RON of 70 than a gasoline with a RON of 95. Moreover, there are no strict requirements about the final boiling point of the fuel. This relaxed volatility requirement allows heavier components to be blended into the fuel and makes refinery operations more flexible. However, safety considerations such as flash point requirements have to be addressed. Recent work has shown that there is little impact on the flash point and the flammability of these blends as long as the concentration in the blend of components in the diesel boiling range 61, 62 is less than 50 vol %.
The fuel for GCI also has to be specified fully in terms of the different properties just as today's gasolines are except that it has to have a lower RON. Specifications for a GCI fuel (New Fuel) with 70 RON have been given by Kalghatgi et al. 23, 24 This New Fuel can use homeless hydrocarbons such as naphtha with little further processing and can help to improve the sustainability of the refinery by reducing the requirements for new investments and by increasing refinery margins and crude utilization. 23, 24 Summary of potential advantages and challenges for GCI engines Injection pressures need not be high in GCI because mixing is very greatly helped by the ignition delay. In fact, lower injection pressures significantly improve combustion stability and reduce CO and HC emissions at low loads, apparently by increasing the stratification, by avoiding overmixing and overleaning of the mixture. Thus, there is great scope for reducing the injection pressure, and hence the cost of the injection system, in comparison with modern diesel engines (see the section on injection pressure, injection strategy and injector design considerations). Very high efficiencies, at least as high as in diesel combustion, can be achieved with GCI (see the section on fuel efficiency). Unlike SI engines, a GCI engine runs at wide-open throttle even at low loads, thereby reducing the pumping losses, and has a higher compression ratio. Further efficiency improvements over conventional diesel operation are possible in light-duty engines. For instance, with conventional diesel fuel, pilot injection is employed at low loads to alleviate noise at the expense of lower efficiency and higher smoke emissions. This can be avoided with long-ignition-delay fuels because the pressure rise rate and hence the noise are extremely low at low loads (see the section on maximum heat release rate, maximum pressure rise rate and maximum noise). The engine can be downsized and downspeeded since the NO x and soot levels can be controlled to required levels at higher loads at a given speed in GCI in comparison with engines using conventional diesel fuel. There may be further benefits in efficiency because of reduced parasitic losses resulting from lower injection pressures and less frequent regeneration of the DPF.
As with all approaches to high-efficiency low-temperature combustion, the HC and CO emissions are higher for GCI than for conventional diesel combustion and have to be controlled by appropriate exhaust aftertreatment. Hence the focus of exhaust after-treatment shifts from simultaneous control of NO x and soot emissions in conventional diesel engines to oxidation of HC and CO in GCI. Oxidation of CO and HC should be easier to accomplish than the reduction of NO x since the exhaust in GCI contains oxygen as in a diesel engine but this is balanced by a reduced exhaust temperature. Engine-out soot increases as the load increases in GCI beyond a certain limit but is always less than that in an equivalent diesel engine at the same injection conditions because the fuel and air will be better mixed because of the higher volatility and the longer ignition delay. The low-NO x low-soot operating regime of a GCI engine can be extended by coupling the oxidation catalyst with a DPF. In fact, heavy-duty engine regulations require soot to be controlled even at full load and almost certainly need the use of a DPF. However, in GCI, the DPF is not loaded at low loads and requires to be regenerated less often, if at all, since at high loads the exhaust temperature may be sufficiently high that the DPF is self-regenerating. Stringent requirements on the NO x emissions may require a NO x after-treatment system for GCI as well, but this is likely to be less stressed than with a conventional diesel. There is scope to simplify the after-treatment system in comparison with those for advanced diesel engines although development of oxidation catalysts (and DPF) working at lower temperatures are necessary.
However, significant development work is needed to bring GCI technology to the level of practical implementation. The main areas that need work are as follows:
(a) cold start and idle; (b) stability at a low load; (c) acceptable transient operation; (d) noise and pressure rise rate at medium and high loads via fuel injection strategies; (e) emissions, particularly CO and HC control, lowtemperature oxidation and DPF; (f) hardware optimization:
(i) combustion chamber design; (ii) injectors, injection system and injection strategy; (iii) cooled EGR; (iv) turbocharger + supercharger to obtain high boost pressure at high EGR; (v) after-treatment; (g) fuel quality (lubricity and detergency), which means that additive technology has to be adapted to the different conditions encountered in GCI engines.
However, most of these problems can be dealt with by optimization of existing technology. The development effort needed to overcome these challenges compares favourably with what diesel engineers have achieved in overcoming the difficulties presented by diesel fuel in diesel engines.
In fact, diesel engines are the ''right'' engines in that they are CI engines and hence are efficient but currently use the ''wrong'' fuel which makes control of the NO x emissions and the soot emissions difficult. GCI can be considered as a way of achieving high-efficiency CI engines by making it easier to tackle soot and NO x emissions. This may reduce the cost and the complexity compared to current diesel engines because GCI can use lower-pressure injection systems and simpler aftertreatment. Alternatively, GCI can be regarded as a way of increasing the efficiency of an engine carrying a lowoctane gasoline-like fuel by running it in CI mode rather than in SI mode. In any case, this type of an enabling fuel is a fuel that is easier to manufacture than today's diesel or gasoline ( Figure 17 ) and GCI running on a low-octane gasoline could lower the overall GHG footprint. 63, 64 Therefore, this approach could benefit both the engines and fuels industries and, importantly, also open up a path to mitigate the expected demand imbalance between light fuels and heavy fuels.
The outlook for GCI engines GCI offers the possibility of a relatively cheap but efficient engine and after-treatment system with acceptable emissions. Moreover, the fuel needed could have a much lower octane number (about 70) than those of today's gasolines and could contain components in the diesel boiling range. Refinery components such as straight-run gasoline from the initial distillation of crude oil have octane numbers near this range and can be used with little or no upgrading after desulfurisation in GCI engines. These components may be abundant in the future (see the third section) because of the expected skewing of future demand towards heavier fuels. However, significant development is needed before GCI can be deployed in practical vehicles.
Of course, there are other approaches besides GCI to control NO x soot emissions simultaneously in the diesel engine. Diesel engine manufacturers have succeeded in meeting the emissions regulations using hardware development (e.g. high injection pressures and after-treatment systems) and other strategies such as high EGR and late injection. These approaches, which make the engine more expensive and complicated, are needed because of the short ignition delay of conventional diesel fuel and will become more challenging if limitations on the soot and NO x emissions become more stringent. Of course, if after-treatment systems improve in terms of efficiency and cost, this approach, where CI engines use conventional diesel fuel, will continue to be viable. There are also developments in SI engines which increase their efficiency but usually at an increased cost and an increased incidence of knock and other abnormal combustion phenomena such as preignition, leading to 'superknock', which requires higher-octane gasoline. However, SI engines are not viable for heavy-duty applications because knock is even more of a barrier to efficiency in larger and slower engines.
Currently, original equipment manufacturers have no immediate incentive to develop CI engines to use fuels other than conventional diesel fuels. Hence, in the short term, say, up to 2020, we expect diesel fuel (with a DCN greater than 40) to continue to be used in CI engines. However, it will be necessary for these engines to try to use PPC as much as possible and higher injection pressures to achieve this while using conventional diesel fuel. These systems will also have to use extensive after-treatment to meet increasingly stringent emissions standards on NO x and soot emissions. This may increase their cost, which is already high, and also may reduce their efficiency (e.g. because of the extra fuel to be used in the regeneration of DPFs or because of lower compression ratios used to increase ignition delays). Simultaneously, global demand for diesel fuel will increase more than for gasoline, and investments of hundreds of billions of dollars will be needed in the refining industry globally to supply this increased demand. Even if such investments were to happen, this approach is likely to lead to an excess of light lowoctane components, i.e. homeless hdrocarbons. If market forces prevail, the difference in the refinery price of diesel and cheaper low-octane gasoline components such as naphtha will widen. Indeed, this imbalance in demand growth between light fuels and heavy fuels, potentially making low-octane gasoline much cheaper than diesel, may become a more compelling motive for the development of GCI engines than the technical benefits from both the engine viewpoint and the fuels viewpoint discussed above. In general, the deployment of a new fuel-engine system such as GCI requires coordination between many stakeholders (e.g. automobile and oil industries, and governments). This may be more feasible in markets where the commitment to existing technology is relatively weak and the alignment of stakeholders is easier (e.g. possibly the People's Republic of China) or when the expected demand imbalance between diesel and gasoline begins to have an effect or in situations as in fleet operations where a new fuel can be more easily introduced.
Initially, GCI engines, if they are intended for the mass market, will have to run on existing fuels. If a single-fuel GCI strategy is used, a suitable fuel for this concept may be gasoline-diesel mixtures such as 80% gasoline-20% diesel, although systems running entirely on market gasoline (e.g. US Regular with (RON + MON)/2 of 87) are being developed. 39, 40 Market diesel and gasoline can also be used in a dualfuel RCCI concept. Both these approaches help to mitigate the gasoline-diesel demand imbalance but are not sustainable in the long term since both gasoline and diesel are upgraded in the refinery and then downgraded on the vehicle. Eventually, appropriate but less processed fuels, which require less energy to produce, will have to be supplied. Smart technology such as cylinder-pressure-based combustion phasing control will enable such engines to be more easily deployed by making them tolerant of variations in the fuel autoignition quality. This technology will also make the transition to the long-term scenario of GCI engines using low-octane gasoline easier. A GCI engine can also be incorporated in a hybrid powertrain with the electric drive covering some of the deficiencies of GCI such as very-low-load operation.
Conclusions
1. Transport energy demand is growing and will continue to be supplied primarily by petroleumderived liquid fuels in the foreseeable future. The growth in demand will not be constrained by the Figure 17 . Diagram which shows that GCI can be seen as a way of reducing the cost of a conventional diesel engine while either retaining or increasing the efficiency of an engine carrying gasoline-like fuel. In both cases the optimum fuel is easier to manufacture.
CO: carbon monoxide; HC: hydrocarbon; NOx: nitrogen oxides; SI: spark ignition; CI: compression ignition; HCCI: homogeneous charge compression ignition.
supply of oil. The demand for heavier fuels such as diesel and jet fuel will rise significantly more than the demand for gasoline. Investments by the refining industry of hundreds of billions of dollars will be needed to meet this change in the demand structure. Even if such investments were forthcoming, there will be an abundance of light low-octane fractions which would normally have been used to make gasoline. 2. CI engines can be run on low-octane gasoline with a much longer ignition delay compared to conventional diesel fuels. Such gasoline compression ignition (GCI) has advantages from the fuels viewpoint in that it requires fuels that are easier to make than conventional gasoline or diesel. From the engine viewpoint, it is possible to achieve efficiencies at least as good as those of the best diesel engines while potentially reducing the cost because of lower injection pressures and easier after-treatment. Most importantly, GCI opens a path to mitigate the expected demand imbalance between light fuels and heavy fuels. 3. Significant development work on cold-start, on HC and CO control and on reduction in noise at high loads is needed before GCI can be implemented in practical engines. This development work is more likely to be carried out in markets where the commitment to existing diesel technology is relatively weak and the alignment of different stakeholders is easier (e.g. the People's Republic of China) or when the expected demand imbalance between diesel and gasoline begins to have an effect.
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